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@ A system for detecting the presence of bacte- 
rial gro\Arth in a plurality of sample vials incorpo- 
rates a single test station moveable along each 
of the plurality of sample vials. In one embodi- 
ment, the sensor station is movably mounted on 
a rod, and that rod is movably mounted on a 
pair of spaced rods. The rod which canries the 
test station may move along the spaced rods to 
change the location of the test station in a first 
dimension and the test station is moveable 
along its rod to change location in a second 
dimension. In this way, the test station may be 
moved through two dimensions to move serially 
to the location of each of the plurality of sample 
vials. In another aspect of this invention, a bar 
code is associated with each of the sample 
vials, and the test station makes a reading of 
that bar code concurrent with a determination 
being made as to whether there is any bacterial 
growth in the sample vial. In this way, it is 
ensured that the results of the evaluation of 
whether bacterial growth is ongoing will be 
associated with the proper sample vial. In a 
third aspect of this invention, the sample vial 
incorporates a plurality of distinct types of bac- 
terial sensors. Thus, the advantages of each of 
several types of bacterial sensors may be incor- 
porated into a single sample vial. 
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BACKGROUND OF THE INVENTION 

This application in general relates to an improved 
system for monitoring a plurality of sample vials, and 
making a determination of whether the sample vials 
are experiencing bacterial growth. 

Sample vials are prepared by injecting a body flu- 
id sample into a culture medium in a sample vial. The 
sample vial is then incubated, and tested for bacterial 
growth. Systems for detecting bacterial growth in 
sample vials are known, wherein a large number of 
sample vials are repeatedly and periodically tested for 
the presence of bacterial growth. Several types of 
sensors are known which have changing responses 
to a light input based on conditions within the sample 
vial. By monitoring the sensor response one can de- 
termine whether there is bacterial growth. 

Generally, in known sensors light is directed into 
the sample vial or sensor. Light reemerging from the 
sample vial, or from the sensor, is monitored to deter- 
mine whether bacterial growth is occurring in the sam- 
ple vial. Such sensors and associated methods of de- 
termination are known in the art, and the types of 
changes which indicate bacterial growth are known. 

Known test systems typically hold a large number 
of such sample vials. In one example, they hold 240 
sample vials. With the known systems an individual 
light source, an individual photodetector and the re- 
quired wiring are associated with each sample vial. 
Thus, such systems are complicated and expensive. 
Due to the large number of light sources and detectors 
which are required, such systems have sometimes 
utilized less expensive light sources or detectors than 
those which may be most desirable. Also, since sev- 
eral hundred light sources and photodetectors are 
utilized within each system, station to station varia- 
tions are inevitable. That is, a light source associated 
with a first station may emit light at a different inten- 
sity than the other stations. Variation could also occur 
between the photodetectors associated with the hun- 
dreds of stations. This could result in potential varia- 
tions in readings between vials within the system. 
Such variations are undesirable. 

Another problem with the prior art systems is that 
the only identification of a vial located at a particular 
station within the system is by a manual bar code 
reading before the vial is placed into the station. Thus, 
if an operator misplaces the vial within the station, 
there may be misidentification of the location of the 
vial within the station. 

Finally, as discussed above, there are several 
types of sensors which may be utilized to determine 
the presence of bacterial growth. Each type of sensor 
has beneficial characteristics, and other characteris- 
tics that are undesirable. Further, certain types of 
bacteria are better detected by certain types of sen- 
sors. Thus, no one single type of sensor provides all 
desirable characteristics. Even so, the prior art has 



typically utilized vials with only a single type sensor 
incorporated into the vial. 

SUMRflARY OF THE INVENTION 

5 

In a disclosed embodiment of this invention, a 
single test station includes a light source and a light 
detector, and periodically and serially tests each of 
the sample vials. In a preferred embodiment of this in- 
to vention, the sample vials are arranged in a two di- 
mensional array. The test station is mounted on a 
frame which moves along both of the dimensions to 
test each vial. 

Since a single test station tests each of the hun- 
ts dreds of vials, more expensive light sources and de- 
tectors may be incorporated while still reducing the 
cost of the overall system. More importantly, since 
only a single source and detector are utilized, station 
to station variations such as experienced with the pri- 
20 or art systems are eliminated. 

Several embodiments of this basic concept are 
disclosed in this application. The several embodi- 
ments incorporate the necessary apparatus for many 
of the several types of sensors which may be utilized 
25 to test sample vials. 

In one preferred embodiment of this invention, 
the test station carries only an optical fiber. The opt- 
ical fiber is operably connected to a source of light, 
and to a photodetector. Thus, the moving test station 
30 frame need not carry any heavy equipment, or any 
cables to supply power to equipment mounted on the 
frame. Rather, the frame need only move the optical 
fiber. 

In a second aspect of this invention, a bar code 
35 is formed on the sample vial, and the test station in- 
cludes structure for reading the bar code from the 
sample vial. The barcode information is then positive- 
ly associated with the test results f rom'the vial. In this 
way, the results of the test are tied to the particular 
40 sample vial, and a misidentification of test results will 
not occur. 

In a preferred embodiment of this invention, the 
barcode is printed on a label associated with the sam- 
ple vial, and a reference indicia is placed adjacent to 

45 the bar code. The bar code and reference indicia are 
preferably printed on a single label. Thus the refer- 
ence indicia and bar code are always at known loca- 
tions relative to each other. The test station may read 
the position of the reference indicia to ensure that the 

50 sensor station is properly positioned relative to the 
bar code prior to reading the bar code. Further, the 
reference indicia insures the test station is properly 
positioned relative to the sample vial. In this way, the 
test station properly reads the bar code, and elimin- 

55 ates misidentification due to mispositioning between 
the test station and the bar code. 

In a most preferred embodiment of this invention, 
the bar code is printed in a circular pattern, and the 
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reference indicia is a circle concentric to the bar code. 
A circular bar code pattern provides the greatest 
length for bar code information per unit space on the 
vial. Further, the circular barcode and reference indi- 
cia do not require any particular orientation of the 5 
sample vial about an axis of the sample vial relative 
to the test station. 

In a third aspect of this invention, a sensor patch 
is placed on the bottom of the sample vial. The sensor 
patch includes a plurality of distinct types of sensors. io 
As an example, sensors which respond to carbon di- 
oxide concentration, pH level, oxygen level or other 
types of changes in the sample vial may all be asso- 
ciated with each vial. In this way, a test station can 
test each of these various types of sensors, and make i5 
a more informed determination of whether the partic- 
ular sample vial is experiencing bacterial growth. 

These and other features of the present invention 
can be best understood from the following specifica- 
tion and drawings, of which the following is a brief de- 20 
scription. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 A shows a first embodiment of a system 25 
according to the present invention; 
Figure 1B is a partial end view, shown some\what 
schematically, of a system according to the pres- 
ent invention; 

Figure 2 shows a vial bottom with a central bac- 30 
terial sensor and a bar code pattern; 
Figure 3 Is a schematic of a control system asso- 
ciated with the system of Figure 1 ; 
Figure 4 shows a second embodiment of a sys- 
tem according to the present invention; 35 
Figure 5 shows a third embodiment of a system 
according to the present invention; 
Figure 6 Is a schematic of a control system asso- 
ciated with the system of Figure 5; 
Figure 7 shows a fourth embodiment of a system 40 
according to the present invention; 
Figure 8 shows a vial bottom with a plurality of 
distinct sensors, and a bar code pattern; 
Figure 9 shows a vial bottom with a plurality of 
sensors, and a bar code pattern; 45 
Figure 10 shows a fifth embodiment of a system 
according to the present invention; 
Figure 11 depicts details of the rack area close to 
a vial bottom for the embodiment of Figure 10; 
Figure 12 is a cross-sectional view taken along so 
line 12-12 of Figure 11; 

Figure 13 is a schematic illustrating the main opt- 
ical and electronic components of the embodi- 
ment of Figure 10; 

Figure 14 shows a sixth embodiment of a system 55 
according to the present invention; 
Figure 15 is a planar view of a portion of the em- 
bodiment of Figure 14; 



Figure 16 is a cross-section of a light guide stub 

of the embodiment of Figure 14; and 

Figure 17 shows a vial bottom with a bar code 

pattern. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

A first system 30 for intensity-based detection of 
microorganisms is shown in Figure 1A. System 30 
holds a plurality of vials 32, each sealed with a sep- 
tum 34 and containing a medium/bodily fluid mixture 
36. Typically, the body fluid is blood and the medium 
is prepared by known techniques. Each vial 32 con- 
tains an intensity-based chemical sensor 38 disposed 
on an inner bottom surface 40. While an intensity 
sensor is used with this embodiment, other sensors 
which generate a selective emission or change their 
reflectivity, opacity, or color in the presence of biolog- 
ical activity are known and may also be used. In other 
systems, the sample may be scanned without the use 
of a separate sensor associated with the vial, e.g., 
scattered photon migration ("SPM"), as discussed 
further below. 

Two rows of vials 32 are arranged on each of sev- 
eral tipping racks. Tipping racks 42 are agitated to 
promote the growth of microorganisms within vials 32. 
Tipping racks 42 may be. biased or held in a known 
hold position, such as that shown in Figure 1 , while a 
determination of biological activity may be made. In 
some applications it is desirable to hold the vials at an 
angle relative to the vertical to maximize the level of 
fluid. Any structure for moving the tipping rack, or 
holding it at the known position may be used. A plur- 
ality of tipping racks 42 are used since a tipping rack 
for as many as 240 vials would have considerable 
mass. Racks 42 contain only vials 32 and no electron- 
ic components and, consequently, no electrical 
wires. Vials 32 and tipping racks 42 are arranged in- 
side a known type incubator 44 used to promote mi- 
croorganism growth. 

A single test station or carriage 43 is moved to 
test all of the vials. Light output is generated from a 
single high energy light source, such as laser 46, and 
is serially directed at sensors 38 on a large number of 
vials 32. Laser 46 and a detector module 64 are 
mounted on test station 43, which is movable as part 
of an XY translation stage 45. XY translation stage 45 
allows for movement of test station 43 along a rod 47 
that is fixed to two guide blocks 49. The blocks 49 
move along perpendicularly arranged rods 51. If tip- 
ping racks 42, containing a total of 240 vials (12 rows 
and 20 columns) are used, a single XY translation 
stage 45 must be able to address a maximum of 20 
vials in one direction. As an alternative, two (or more) 
test stations can be used with each testing plural 
vials. 

In operation, a system controller described be- 
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low, directs test station 43 from a home position to a 
first vial station. Each of the vials 32 are then serially 
. tested. As shown in Figure 1B, the XY translation 
stage 45 moves test station 43, which carries laser 46, 
A plurality of sample vials 32 are arranged in a two di- 
mensional array. Rods 51 are positioned at the top 
and bottom of the vial array, and guide blocks 49 car- 
ry rod 47 along rods 51. In one embodiment, rods 51 
could include a linear motor for driving guide blocks 
49. Such linear motors are known, and may operate 
by passing current to move guide blocks 49 axially 
along bars 51. Similarly, test station 43 may move 
along bar 47 by use of a linear motor. In such a motor, 
test station 43 and guide blocks 49 would include 
magnets. By moving guide blocks 49 along rods 51, 
the location of test station 43 can be varied to the right 
and left as shown in Figure 1 B, and the up and down 
position of test station 43 as shown in Figure IB can 
also be varied by moving test station 43 along rod 47. 

As stated above, rods 47 and 51 may incorporate 
linear motors which drive the guide blocks 49, and test 
station 43 and guide blocks 49 could incorporate mag- 
nets to be driven along the rods 47 and 51. Alterna- 
tively, any other known means of guiding the test sta- 
tion 43 through two dimensional movement may be 
utilized. Known x-y translators are used for naviga- 
tion, plotting and printing. It is not the structure of the 
translator which is inventive, but rather the use of an 
x-y translator in this environment. 

As shown in Figure 1A, a beam splitter 48 is 
mounted on test station 43 and splits an output beam 
50 from laser 46 Into components 52 and 54. Refer- 
ence beam component 52 is directed toward a refer- 
ence photodetector 55. Reference photodetector 55 
measures the intensity of reference beam component 
52 and generates a reference photocurrent value cor- 
responding to the measured intensity. Output beam 
component 54 passes through mirror 56 having cen- 
tral aperture 58, and is deflected off of a curved mir- 
ror 60 to contact and excite a sensor 38 of a selected 
vial 32. When excited by output beam component 54, 
sensor 38 generates an emission which varies with 
the presence of biological activity. In the illustrated 
embodiment, a fluorescence emission generated by 
the sensor increases in proportion to increased bio- 
logical activity. Fluorescence intensity chemical sen- 
sors 38 are known which react to pH, oxygen concen- 
tration, carbon dioxide concentration, or in response 
to other biological activities. 

An emission 62 from a particular sensor 38 is col- 
lected by curved mirror 60, planar mirror 56 and di- 
rected toward an optical sensing detector module 64 
where the emission is monitored. Detector module 64 
includes a spectral emission filter 66, and a high- 
sensitivity photodetector 68. Filter 66 is used to block 
unwanted short-wavelength or excitation radiation 
that can affect readings. Photodetector 68 measures 
the Intensity of emission 62 and generates a sensor 



photocurrent value representative of the measured 
intensity. 

In one preferred embodiment, laser 46 is a green 
helium neon (HeNe) laser having a wavelength in the 

5 range of about 543.5 nm, with approximately 1.5 mW 
of output power. The diameter of output beam 50 
should be no greater than about 2 mm. The short- 
wavelength light and output power reacts well with a 
fluorescence sensor 38 in the presence of biological 

10 activity. 

With this embodiment, and all other embodi- 
ments disclosed in this invention, the thrust of the in- 
vention is to the moving test station and associated 
structure, to bar code reading, and to a plural sensor 

15 embodiment as will be disclosed below. The parame- 
ters used to evaluate the readings made on the par- 
ticular sensors are as known in the art. The present 
invention does not disclose any new testing logic. 
Rather, the detected emission, etc. are evaluated as 

20 known in the art to make a determination of whether 
a particular vial is experiencing bacterial growth. 

The test station 43 carried on XY translation 
stage 45 also includes a monitor photodiode 80 for 
measuring light backscattered from a bar code label 

25 82 shown in Figure 2, preferably placed on-a bottom 
outer surface 84 of vial 32. In the illustrated embodi- 
ment, bar code 82 includes a central opening 86 so 
that sensor 38 is exposed. In an alternative embodi- 
ment, bar code 82 may be printed on a label placed 

30 on bottom inner surface 40 which also includes sen- 
sor 38. A circular bar code pattern 88 comprises a 
plurality of marks 89 extending radially outwardly 
from central opening 86. The marks 89 carry informa- 
tion with regard to the vial, the sample, or the patient 

35 associated with the sample. Bar code pattern 88 in- 
cludes a reference indicia, here an outer concentric 
circle 90. If used with a standard blood culture vial, 
bar code pattern 88 can have a diameter of approxi- 
mately 25 mm. With such a diameter, the bar code in- 

40 formation characterizing the vial can be distributed 
over a circle circumference length of 78.5 mm. The ef- 
fective length of a circular pattern is at a maximum 
compared to other patterns for any given vial diame- 
ter. 

45 To read out the bar code information 88, small si- 

nusoidal deflection signals are sent to XY translation 
stage 45 via X and Y output channels 106 and 108, 
as shown in Figure 3. The two signals have equal am- 
plitude, but show a phase difference of 90 degrees. 

50 This results in a movement of output beam compo- 
nent 54 along the circumference of a circle. The am- 
plitude of laser 46 is adjusted and output beam com- 
ponent 54 scans bar code pattern 88 including con- 
centric circle 90. This light is backscattered to be read 

55 by photodiode 80, If XY translation stage 43 is initially 
incorrectly positioned with respect to a vial 32, con- 
centric circle 90 is used as a position encoder to more 
accurately position XY translation stage 45 with re- 
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spect to a vial 32 before reading the bar code. The test 
station 43 moves until concentric circle 90 is read as 
being at an expected position relative to test station 
43. The concentric circle 90 and bar code pattern 88 
are printed onto a label at known relative positions. 

In the enribodiment of Figure 1A, output beam 
component 54 is focussed onto vial bottom surface 84 
using mirror 60. As mentioned above, the available 
geometrical length of the bar code pattern 88 is ap- 
proximately 78.5 mm. Green HeNe lasers such as 
preferred for use in the Figure 1 embodiment typically 
have beam diameters of 0.5 mm. With such dimen- 
sions, no extreme focussing is required to read out 
the barcode information. However, when necessary, 
stronger focussing is accomplished very easily by a 
simple lens attached to laser 46. 

Under some circumstances, a larger diameter for 
output beam component 54 may be desired. A small 
beam could result in sensor bleaching, since only a 
very small surface area of the sensor is exposed to 
the test light. To avoid such a result, output beam com- 
ponent 54 can be moved about a small circle. In other 
words, small sinusoidal deflection signals may be 
sent to XY translation stage 45 via the X and Y chan- 
nels 106 and 108 continuously. To move from the 
above described circular movements for reading the 
bar code, and then to switch from bar code reading to 
sensor reading, only the amplitude of the sinusoidal 
signals would have to be changed. 

Photodiode 80 is not necessary if bar code pat- 
tern 88 is printed using a dye which fluoresces within 
the same wavelength range as the emission from 
sensor 38. In this way, the same detector module 64, 
including photodetector 68, can be used for microor- 
ganism detection and for bar code reading. 

A major advantage of system 30 is that both laser 
46 and detector module 64 may be moved closely to 
individual vials 32. Therefore, an extremely high spa- 
tial resolution for the barcode reading and improved 
light detection sensitivity can be realized. Further, 
greater accuracy is achieved by using a single test 
station for many vials in place of individual devices for 
each vial. More expensive and precise instrumenta- 
tion can be used at a reasonable cost. Further, the 
need for instrument calibration is greatly reduced, if 
not eliminated by the present invention. 

As known, vials 32 are continuously scanned un- 
til either there is a presence of biological activity, or 
a predetermined period of time, typically five days, 
has passed. Generally, the presence of biological ac- 
tivity in a vial is indicated by a pronounced change in 
the measured sensor emission 62. 

As shown schematically in Figure 3, laser 46 gen- 
erates an output beam 50. Beam splitter 48 splits out- 
put beam 50 into reference beam component 52 and 
output beam component 54. With XY translation 
stage 45, shown in Figure 1,- correctly positioned, 
output beam component 54 is directed to a preselect- 



ed sensor 38 associated with a vial 32. The sensor 
then generates an emission 62. Photodetector 68 
monitors emission 62 and generates a sensor photo- 
current 92. Photocurrent 92 is routed to a detector DC 

5 meter 94. An output 96 from DC meter 94 is fed to a 
controller 98, such as a computer. 

Reference beam component 52 is directed to ref- 
erence photodetector 55, which monitors reference 
beam component 52 and generates a reference pho- 

10 tocurrent 100. Photocurrent 100 is routed to a refer- 
ence DC meter 1 02. An output 1 04 from meter 1 02 is 
also fed into controller 98. If the reference beam com- 
ponent 52 varies from an expected value, then the in- 
tensity of output beam 50 is also not as expected, or 

15 desired. The intensity of output beam 50 is adjusted 
as necessary. 

Controller 98 stores and analyzes outputs such 
as 96 and 104 to make a determination concerning 
microorganism growth. As is known, controller 98 

20 compares incoming data to earlier collected data. In 
additioQ to collecting and analyzing information, con- 
troller 98 positions XY translation stage 45, with sig- 
nals being sent through X output channel line 1 06 and 
Y output channel line 108. Known control logic is used 

25 for moving station 43 as desired. Thus, output beam 
component 54 is directed serially from vial to vial al- 
lowing a determination of microorganism growth to be 
made for each vial 32. Backscattered light 99 may be 
detected by photodetector 80, as discussed above, to 

30 accurately position XY translation stage 45 and read 
the bar code information. 

Atypical green HeNe laser head of 0.2 mW output 
power only has a weight of 0.34 kg and a length of 25 
cm. However, it still needs a high-voltage power 

35 cable. Similar considerations apply to high-sensitivity 
photodetectors such as photomultipliers. Thus, in the 
Figure 1 A embodiment cables must extend from the 
moving test station to a fixed power source and to the 
controller. These requirements are addressed by sys- 

40 tem 120 as illustrated in Figure 4. A test station 122 
is arranged on an XY translation stage 124. As in the 
embodiment of Figure 1 , XY translation stage 1 24 al- 
lows for movement of test station 1 22 along a rod 1 23 
that is fixed to two guide blocks 125. In turn, the 

45 blocks 125 can move along perpendicularly arranged 
rods 127. Test station 125 holds an output end 126 of 
an optical fiber 128, and an imaging lens 130. In this 
embodiment, laser 46 and detector module 64 are 
mounted to a pedestal 127 in close proximity to one 

50 another at a fixed position within system 120. The in- 
put end 1 32 of fiber 128 is mounted so that it receives 
the full optical output of output beam component 54. 
Light travels along fiber 1 28 and reaches output end 
1 26. Beam component 54 exiting fiber output end 1 26 

55 is imaged onto bottom inner surface 40 of vial 32, An 
emission 62 reemerging from surface 40 is re-fo- 
cussed by lens 130 into output end 126, back along 
fiber 1 28 and out input end 1 32. The emission 62 that 
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emerges from input end 1 32 is directed by mirrors 60 
and 56 through filter 66 and to photodetector 68. 

A major advantage of system 120 is that a mini- 
mum amount of mass has to be moved on test station 
122 for scanning an array of vials 32. In addition, no 
electrical cables or wires are required on moving test 
station 122. Output end 126 may be located closely 
to the bottoms of vials 32. In so doing, an extremely 
h igh bar code resolution and good light detection sen- 
sitivity are achieved. Sensor and bar code reading 
may be performed by moving the test station 122 as 
described above with respect to the embodiment of 
Figure 1A. As an alternative, a pair of fibers may be 
used, with one directing tight at the sensor, and one 
receiving emissions from the sensor. 

A third system 140 according to the present in- 
vention for use with time decay detection of bacteria, 
is shown in Figure 5. System 140 is similar to system 
30 illustrated in Figure 1 A. However, a different type 
of optical sensor, a fluorescence decay time sensor 
142, is disposed on inner bottom surface 40 of each 
of vials 32. Fluorescence decay time sensors are 
known which change their decay time in response to 
changing pH, oxygen concentration, carbon dioxide 
concentration, or in response to other biological activ- 
ities. Using this method, intensity measurements are 
replaced with time measurements, so intensity 
changes do not influence the results. For sensors 142 
to work properly, a modulated light source 144 in- 
cludes a high-frequency intensity modulator 146 ar- 
ranged between laser 46 and beam splitter 48, The 
laser may be the same as that disclosed in the em- 
bodiment of Figure 1A. Modulator 146 may be of any 
known type, such as acousto-optic, electro-optic or 
elasto-optic. 

Output 148 from modulated light source 144 is 
split into components 150 and 152. Reference beam 
component 150 is directed toward a reference photo- 
detector 56 while output beam component 152 pass- 
es through planar mirror 56 having a central aperture 
58, and is deflected off of a curved mirror 60 to con- 
tact and excite a sensor 142 of a selected vial 32. 

A modulated emission 154 generated by a partic- 
ular sensor 142 is time modulated in response to in- 
creasing biological activity. It is the modulation rather 
than intensity that is primarily monitored by detector 
module 64. As long as the modulation can be meas- 
ured, a determination of biological activity can be 
made. Therefore, minor vial mispositioning, light 
source or detector module aging, and dark current 
changes such as those resulting from outside light 
leakage into incubator 44, are not critical. 

Currently available fluorescence decay time sen- 
sors require high light modulation frequencies, typi- 
cally above 100 MHz. In known systems with individ- 
ual light sources at each vial 22, green light emitting 
diodes ("LED"s) are used. LEDs cannot be modulated 
at such high frequencies. In apparatus 140, however, 



with laser 46 and modulator 146, high-frequency in- 
tensity modulation may be easily accomplished. 
Since only a single laser is necessary, the use of a 
laser which is more expensive then an LED is still 

5 practical. 

As shown schematically in Figure 6, controller 98 
controls modulator 146 using an amplifier 156. Con- 
troller 98 sends a signal 158 to amplifier 156, and an 
output signal 160 from amplifier 156 is sent to mod- 

10 ulator 146. Beam splitter 48 splits output beam 148 
from modulator 146 into reference beam component 
150 and output beam component 1 52. With XY trans- 
lation stage 45 correctly positioned, output beam 
component 152 is directed to a preselected sensor 

15 142 associated with a vial 32. Sensor 142 selectively 
generates a modulated sensor emission 154. Photo- 
detector 68 monitors sensor emission 1 54 and gener- 
ates a modulated photocurrent 162 which is routed to 
a vector voltmeter 164. Reference photodetector 56 

20 monitors reference beam component 150 and gener- 
ates a ngodulated reference photocurrent 1 66 which is 
also routed to vector voltmeter 164. Vector voltmeter 
164 compares photocurrents 162 and 166 to deter- 
mine a sensor phase shift a modulation, and, option- 

25 ally, sensor intensity. This information is fed into con- 
troller 98 via voltmeter outputs 1 68 and 1 70 so that a 
determination may be reached regarding microorgan- 
ism growth for each vial. As in the embodiment of Fig- 
ure 1A, besides storing inputs 168 and 170, computer 

30 98 controls the positioning of XY translation stage 45 
using X output channel line 1 06 and Y output channel 
line 1 08. Output beam component 1 52 is directed ser- 
ially from sensor to sensor. Thus, a determination of 
microorganism growth can be made for each vial 32. 

35 Backscattered light 172 may also be detected by pho- 
todetector 80, as discussed above, to more accurate- 
ly position XY translation stage 45 and read the bar 
code information. 

Over an extended period of use an XY translation 

40 stage may lose some position accuracy. Further, bar 
code patterns must be accurately positioned. In ad- 
dition, the vial racks are movable to allow for vial agi- 
tation. If the racks are not always stopped at exactly 
the same position, it may become difficult to read 

45 either the sensors or the bar code patterns. Although 
the positioning steps discussed above address these 
areas, a microorganism detection system 180 is illu- 
strated in Figure 7 which is particularly suited to ad- 
dress these areas. 

50 As in the embodiment of Figure 1A, at least one 

intensity-based chemical sensor such as a fluores- 
cence sensor 38 Is placed on an Inner bottom surface 
40 of a vial 32 and bar code 82 (see Figure 2) is placed 
on a bottom outer surface 84. A plurality of vials 32 

55 are arranged on one or more tipping racks 42 within 
incubator 44. A plurality of light sources 182 and light 
sources 184 (which may be LEDs) filters 186, an opt- 
ical lens 1 88, and a CCD camera 1 90 are mounted on 
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a test station 192 of a low-precision XY translation 
stage 194 within the incubator 44, A CCD cannera is 
a charge coupled device which is an off-the-shelf 
item. As one example, an acceptable camera is avail- 
able from Photometries of Tucson, Arizona. The pur- 
pose of the filters 186 is to remove any long wave- 
length light from the light sources 182 or 184 reading 
the vial. Although the LEDs are preferably selected to 
emit in the short wavelength green or blue range, it is 
inevitable that there will be some red emission. Such 
red emission could be reflected off of the sensors and 
back to the CCD camera where they will be interpret- 
ed as being part of the emission from the sensor. As 
such, the filters 186 are incorporated to block such 
red light from reaching the sensors. A spectral filter 
196 is disposed between lens 188 and CCD camera 
1 90. Filter 196 blocks any short wavelength light from 
the light sources 1 82 or 1 84 from reaching the camera 
matrix 244, In one preferred embodiment, light sourc- 
es 182 emit light spectrally overlapping with the 
chemical sensor emission. Thus, the bar code pat- 
terns do not have to be composed of a fluorescent dye 
of the same emission spectrum as the sensor, as dis- 
cussed above with respect to bar code 82. Light 
sources 184 emit light in the spectral range neces- 
sary to excite the chemical sensors in the presence 
of biological activity. The use of a plurality of light 
sources 1 84 is a low cost alternative to the use of sin- 
gle light source such as a laser. 

As shown in Figure 8, a plurality of chemical sen- 
sors may be used with the present invention, and in 
particular with the system as shown In Figure 7. Sen- 
sors 200, 202, 204, and 206 each cover small circular 
areas preferably distributed in a predefined pattern, 
as discussed further below. Each of these sensors re- 
sponds to a different chemical parameter such as pH, 
CO2, O2, or others. Fluorophore 208 is insensitive to 
chemical inputs, and is utilized as a reference fluoro- 
phore for calibration purposes. In this way, changes 
in excitation light intensity or sensitivity of CCD cam- 
era 190 may be detected and cancelled out. A circular 
bar code pattern 210 is shown in Figure 8. 

The several types of sensors allow plural types of 
tests to be performed on each vial. To this end, the 
disclosed test station cag be aligned with each sen- 
sor, excite that sensor, and read its emission. Posi- 
tioning steps as described above are used to align the 
test station with the sensors. The various reference 
positions facilitate this positioning. The controller re- 
cords the readings for each type of sensor which is 
used. 

A linear bar code pattern 212 such as that illu- 
strated in Figure 9 may also be used. Once again, a 
plurality of sensors 214, 216, 218, 220, and 222 dis- 
tributed in a predefined pattern are used with a refer- 
ence fluorophore 224 used for calibration. Preferably 
the bar codes and sensors of Figures 8 and 9 are 
printed on a label such that they are properly posi- 



tioned relative to each other. 

The positions of patterns 210 and 212 may be 
used to check and to control the position of test sta- 
tion 192. Both barcode patterns 210 and 212 prefer- 

5 ably also have a welt-defined spatial correlation with 
the illustrated predefined pattern of chemical sensor 
distribution. In the case of linear bar code pattern 
212, for example, its angular orientation may be used 
to provide reference position information with regard 

10 to the individual chemical sensors on the bottom inner 
surface 40 of the vial. The circular bar code pattern 
is shown limited to approximately 270 degrees with 
the gap used for a similar reference position function. 
Figures 8 and 9 also illustrate the use of concen- 

15 trie circles 230 and 232, respectively. As discussed 
above with respect to bar code 82, concentric circles 
230 and 232 may be used as position encoders. Even 
if a particular label is attached slightly eccentrically to 
the bottom surface 84 of a vial 32, no bar code read- 

20 ing errors occurs, since the circle and the bar code 
pattern are printed concentrically with respect to each 
other. 

Finally, Figures 8 and 9 also illustrate the use of 
a barcode pattern 234 placed on a bottom surface of 

25 the tipping rack 42, shown schematically, adjacent 
each vial. Pattern 234 includes vial station number in- 
formation and may be used to check the position of 
the test station. 

In operation, system 180 of Figure 7 includes a 

30 system controller 98 such as a computer (not shown) 
that directs test station 192 from its home position to 
a preselected first vial 32. After test station 192 has 
arrived at the first vial 32, the computer turns on the 
illumination light sources 184, generating output 

35 beams 240. A reflection 242 from vial 32 is imaged 
onto a matrix 244 of the CCD camera 190 by lens^188. 
Spectral emission filter 196 prevents scattered light 
from output beams 240 from reaching the CCD matrix 
244, The image received by camera 190 is stored in 

40 the controller's memory and analyzed for the position 
of the concentric circles 230 or 232 and/or the bar 
code pattern relative to the center of the CCD matrix 
244, The controller calculates the necessary X and Y 
corrections for the test station 1 92 to move the circles 

45 into a desired or central position on the CCD matrix 
244. After the test station 192 is moved to a new pos- 
ition, the first stored image is deleted and a new one 
is recorded, stored, and analyzed. This procedure is 
repeated until a given positioning tolerance is ach- 

50 ieved. By monitoring the relative position of the cam- 
era 190 and the circles 230 or 232, and adjusting the 
position of test station 192 one ensures the test sta- 
tion is properly positioned relative to the barcode pat- 
tern. Then, the last recorded image is used to perform 

55 a software bar code reading of the label attached to 
the bottom 84 of a vial 32. At this point, bar code pat- 
tern 234 may be read for information concerning the 
vial station number. A similar positioning logic is used 
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with the earlier disclosed embodiments. This allows 
a confirmation of the correct position of the test sta- 
tion 192 relative to the vial station number. This may 
be of particular importance after a system interrupt 
has occurred. The two bar code readings can be per- 
formed very quickly because the corresponding pat- 
terns are always in the same position. After the bar 
codes have been read, the image is deleted. 

Once the bar code information is recorded, the 
controller activates light sources 182 to generate out- 
put beams 246. Reflection 242, including selected 
emissions from the sensors and reference fluoro- 
phore is imaged by lens 1 88 and detected by the CCD 
camera 190. Once again, filter 196 prevents scat- 
tered light from light sources 182 from reaching the 
CCD matrix 244. The image, including the intensity of 
the selected sensors are analyzed and stored. The 
test station 192 is then moved to the next vial 32. Be- 
cause test station 192 moves from a well-defined 
position with respect to each vial, any accumulation 
of position error is unlikely. 

Figure 10 illustrates an embodiment of the pres- 
ent invention utilizing more than one detection meth- 
od. System 280 comprises vials 32 sealed with a sep- 
tum 34 and containing a medium/blood mixture 38. 
Vials 32 contain a fluorescent chemical sensor 38 dis- 
posed on an inner bottom surface 40 of each of vials 
32, and a bar code label 82 on the outer vial bottom 
84. Racks 42 include two plastic light guide stubs 282 
at each vial station. 

Read-out of the bar code pattern 88 on label 82 
as well as utilization of fluorescence detection and 
scattered photon migration ("SPM") at each vial 32 
are accomplished by moving the test station 284 of an 
XY translation stage 286 to each vial station. A light 
source 46, such as that discussed with respect to the 
embodiment of Figure 1 A, is mounted outside of incu- 
bator 44. An output beam 50 passes through a spec- 
tral filter 288, and is then directed into an input end 
290 of a fiber-optic bundle 292 by a mirror 294. Filter 
288 removes any red light from the light source 46 
which could back scatter towards the detector. An out- 
put end 296 of fiber-optic bundle 292 is mounted onto 
test station 284, shown schematically in Figure 10. A 
fluorescence emission 62 from a sensor 38 of a select 
vial 32 is directed into output end 296, reemerges 
from input end 290, and is focused onto a detector 
module 64 using a pair of lenses 298 and 300, As dis- 
cussed above with respect to the embodiment of Fig- 
ure 1A, detector module 64 comprises a high- 
sensitivity photodetector 68 and a spectral emission 
filter 66, arranged at the input of photodetector 68 to 
remove backscattered light from light source 46. 

Figure 1 1 depicts details of the rack area close to 
the bottorns of vials 32, and shows the elements 
which are mounted on the test station 284. The inner 
bottom 40 of each vial 32 is covered with a fluorescent 
chemical sensor 38. The outer bottom 84 of each vial 



is covered with a circular bar code label 82 that leaves 
a central bottom area 294 open to expose sensor 38. 
Test station 284 is arranged parallel to all vial bottoms 
whenever a bar code reading or a sensor reading is 
5 performed. 

In operation, test station 284 is directed from its 
home position to a first vial 32. After test station 284 
has arrived at a first vial station, the system controller 
turns on one or more illumination sources 302 mount- 
to ed on the test station 284 such that a preselected por- 
tion 304 of a bottom surface of a rack 42 is illuminat- 
ed. Bottom surface portion 304 includes a carefully 
positioned highly backscattering spot 306 surround- 
ed by a weak backscattering area 308. The backscat- 

15 tered light 310 is imaged by a first lens 312 onto a 
four-quadrant photodiode 314. Depending on the cur- 
rent position of the test station, the four-quadrant pho- 
todiode 314 will create two error signals that contain 
information regarding the deviation of the test station 

20 284 from the correct position in both the X and Y di- 
rections. These two error signals are fed to the sys- 
tem controller which then directs the test station 284 
towards the correct position. In a sense the test sta- 
tion is moved to center the I ight on spot 306. The error 

25 signals of the four-quadrant photodiode 314 become 
equal to zero if the correct position is reached. 

Once the correct position is reached, the system 
controller turns off illumination light sources 302 and 
activates a diode laser 316, An output beam 31 8 from 

30 laser 31 6 is focused by a second lens 320 and direct- 
ed towards the vial bottom by means of a mirror 322. 
Mirror 322 is mounted on a cylinder 323 which, in turn, 
is mounted onto a shaft 324 of a small electrical motor 
326. The diode laser 316 and mirror 322 are arranged 

35 on the test station 284 in such a position that the out- 
put beam 318 impinges exactly at the center of the cir- 
cular bar code pattern of label 82 after the position 
correction has been accomplished by means of the 
four-quadrant photodiode 314. 

40 The system controller 98 then turns on the elec- 

tric motor 326 to rotate shaft 324, which carries mirror 
322. During rotation of shaft 324, the mirror 322 is tilt- 
ed off by a certain angle from a preferred 90 degree 
orientation relative to the motor axis 324. During this 

46 tilting, a deflected beam 328 is moved along the cir- 
cumference of a circle on the vial bottom 84 contain- 
ing the bar code pattern 88. This embodiment allows 
for fast bar code reading. 

Figure 12 depicts one possible way of tilting mir- 

50 ror 322 during rotation of the motor shaft 324. The cy- 
linder 323 is mounted to shaft 324 via a pivot pin link 
330. If the shaft 324 is at rest, a spring 332 forces cy- 
linder 323 into a position where an outer surface 334 
of a screw 336 touches shaft 324. By adjusting screw 

55 336, an exact 90 degree orientation of mirror 322 with 
respect to the axis of shaft 324 is established. 

To read out bar code pattern 88 after the correct 
position has been determined, motor 326 is started 
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with resulting rotation of cylinder 323. Screw 336 is 
designed so that its mass is larger than the mass of 
a second screw 338 arranged at an opposite position 
with regard to screw 336 on cylinder 323. Due to the 
mass difference between screws 336 and 338, cen- 
trifugal force causes the cylinder 323 to tilt around 
link 330. The tilting will continue until an end 340 of 
screw. 338 touches shaft 324. By adjusting screw 338 
accordingly, the maximum tilting angle may be tuned 
to an optimal value. Once this final tilting angle is ach- 
ieved the deflected beam 328 will correctly scan the 
bar code pattern. Once this pattern is read, the motor 
326 is stopped and the cylinder 323 with mirror 322 
are returned to the home-position, i.e., to a 90 degree 
orientation relative to the shaft axis. 

As shown in Figure 11, the light 342 backscat- 
tered from the bar code pattern is monitored by a pho- 
todetector 344 mounted on the test station 284 close 
to the diode laser 316. The bar code information is 
stored and analyzed in the system controller. 

It is also possible to print an additional 3-digit bar 
code pattern onto the vial rack 42 close to each vial 
station. As discussed above with respect to Figures 8 
and 9, this allows for address checking. To read this 
bar code, the system controller directs the test station 
to the corresponding area and moves the test station 
284 so that the diode laser beam 318 scans the bar 
code. 

After the appropriate bar code patterns have 
been read, the system controller turns off the diode 
laser 31 6 and directs the test station 284 to a position 
where a third lens 346 on the test station 284 is posi- 
tioned opposite the center of the vial bottom. This 
position is not illustrated in Figure 11, but would in- 
clude the test station 284 being moved vertically up- 
wardly from the illustrated position. The system con- 
troller then turns on the light source 46, see Figure 
1 0, outside of incubator 44. As mentioned above, the 
output beam 50 passes a spectral filter 288, and is 
then directed into the input end 290 of bundle 292 by 
mirror 294. Output beam 50 reemerging from the out- 
put end 296 is deflected by a prism 348 towards the 
center of the inner vial bottom 40 that is covered with 
the fluorescent chemical sensor 38. The resulting 
emission by sensor 38 is focused by the same third 
lens 346 into the output end 296. The fluorescence 
light reemerging from the input end 290 of the bundle 
292 is focused by lenses 298 and 300, as discussed 
above, onto detector module 64. The output signal of 
the high-sensitivity photodetector 68 is fed to the sys- 
tem controller where it is stored and analyzed. 

As shown in Figure 11, two plastic light guide 
stubs 350 are arranged close to each vial 32 on the 
rack 42 to perform an SPM measurement. Tube cov- 
ers 351 center light into and out of stubs 350. In prac- 
tice (not shown to correct scale in Figure 11) the dis- 
tance between the diode laser beam 31 8 and the third 
lens 346 is selected to match the distance between 



the two plastic light guide stubs 350. This allows the 
test station 284 to be directed to a position where the 
output beam 31 8 is directed into one of the stubs 350, 
and light reemerging from the other stub is directed 

5 into the third lens 346, the prism 348, the bundle 292, 
and the high-sensitivity photodetector 68 for SPM de- 
tection. Preferably, the wavelength of the diode laser 
316 falls within the spectral range of the fluorescence 
emission from the chemical sensor. Essentially, the 

10 SPM testing procedure involves directing a light into 
a vial and then monitoring the reemerging light. By 
monitoring the reemerging light a determination can 
be made of whether bacterial activity is occurring in 
the vial. 

15 Finally, after storing and analyzing the SPM and 

fluorescence signals, the system controller directs 
the test station 284 of the XY translation stage to the 
next vial station. As mentioned previously, because 
the test station starts to move from a well-defined 

20 position, any accumulation of positioning errors is un- 
likely. 

Figure 1 3 is a schematic illustrating the main opt- 
ical and electronic components of system 280. The 
system controller 98 controls the positioning of test 

25 station 284 via line 352, illumination of light sources 
302 via line 354, diode laser 31 6 via line 356, and light 
source 46 via line 358, as discussed above. The out- 
put signals 360, 362, and 364 from four-quadrant pho- 
todiode 314, barcode reading photodetector 344, and 

30 from high-sensitivity photodetector 68, respectively, 
are all fed to system controller 98 where they are stor- 
ed and analyzed. 

A simplified SPM photodetector 380 having a las- 
er 316, lens 320 and laser beam 318 is illustrated In 

35 Figure 14. Rather than using a fiber optic bundle, an 
SPM photodetector 382 is shown on test station 284. 
The distance between the laser beam 318 and pho- 
todetector 382 are equal to the distance between two 
adjacent light stubs 384 on opposite sides of a vial 32. 

40 As shown in Figure 15, light stubs 384 are placed 

between adjacent vial openings of a vial rack 42. A 
stub 384 is held in position by a small key 388. Stub 
384 provides two functions. First, the stub deflects 
the SPM excitation beam 31 8 into a second beam 390 

45 that is directed towards a left vial. Second, the stub 
384 deflects light 392 reemerging from the right vial 
towards the SPM photodetector 382. 

The structure of the light guide 384 is shown in 
greater detail in Figure 16. This light guide embodl- 

50 ment has the advantage that only one light stub is 
needed per vial 32. As shown, stub 384 includes a 
larger portion 391 which receives the light 392, de- 
flects that light off an inclined face 393, and passes 
that light outwardly of the guide stub 384 as descri- 

55 bed. Further, a smaller portion 389 has an inclined 
face 387 which deflects the light 31 8 into a vial as de- 
scribed at 390. The stubs are preferably formed on an 
acrylic, polymethyl methacrylate is preferred. 
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When using system 380 according to the present 
invention, bar code reading at each vial nnay be ac- 
connplished in a unique way. As illustrated in Figure 
17, a bar code pattern 394 is printed as a system of 
concentric circles 396, As the SPM excitation beam is 5 
directed from one vial to the next, it crosses the bar 
code pattern 394 on a diameter 398. During this 
crossing the system can read out the bar code pat- 
tern. 

This application makes reference to light being io 
used to excite the sensor. It shou!d be understood that 
any type of radiation could fall within the scope of this 
language. 

Preferred embodiments of the present invention 
have been described. It is to be understood that vari- is 
ations and modifications may be employed without 
departing from the scope of the present Invention. Ac- 
cordingly, the following claims should be studied to 
learn the true scope of the present invention. 

20 

Claims 

1. Amethod for monitoring a plurality of sample vials 
comprising the steps of: 25 

(1) disposing a plurality of sample viais in a 
test systenn; 

(2) positioning a test station on a moving 
frame, said test station being capable of gath- 
ering information for making a determination 30 
of whether each of said vials is experiencing 
bacterial growth; and 

(3) moving said test station adjacent to each 
of said vials, and making a determination of 
whether the particular vial is experiencing 35 
bacterial growth. 

2. A method as recited in claim 1 , wherein said plur- 
ality of vials are positioned in a two dimensional 
array, and said test station is moved along two di- 40 
mensions such that it periodically makes a deter- 
mination of whether each of said vlats is experi- 
encing bacterial growth. 

3. A method as recited in claim 1 , wherein said mov- 45 
ing frame is positioned at a proper location rela- 
tive to a vial to be tested by directing a beam of 
electromagnetic radiation from said moving 
frame to a reference location associated with said 

vial, and monitoring the location of said reference so 
location, and further correcting the position of 
said moving frame such that it is properly posi- 
tioned relative to said reference location. 

4. A method as recited in claim 3, wherein said ref- 55 
erence location is associated with a bar code lab- 
el mounted on said vial. 



5. A method as recited in claim 3, wherein said ref- 
erence location is associated with a plurality of 
distinct types of sensors. 

6. A method as recited in claim 5, wherein several 
of said distinct types of sensors are used to make 
the determination of step (3). 

7. Amethod as recited in claim 1, further comprising 
the steps of providing bar code information on 
each said vial, and reading said barcode informa- 
tion from said vial. 

8. A method as recited in claim 1, further including 
the steps of providing said test station with the ca- 
pability of gathering two distinct types of informa- 
tion for making a determination of whether each 
of said vials is experiencing bacterial growth, and 
further including the steps of making a determi- 
nation of whether the particular vial is experienc- 
ing bacterial growth with each of two distinct 
types of information. 

9. Amethod as recited in claim 8, further, including 
the steps of providing said test station with a first 
light radiation source at a first location, a detector 
at a second location spaced from said first loca- 
tion by a first distance, and a pair of light stubs 
being spaced by a distance which approximates 
said first distance and positioned adjacent to 
each of said vials, and directing said radiation 
source into one of said stubs, and the other of 
said stubs directing a reflected radiation out of 
the sample vial and into said detector to provide 
a first type of information with regard to whether 
the sample vial is experiencing bacterial growth. 

10. A method as recited in claim 1, wherein the de- 
termination of step (3) is accomplished by moving 
said test station in a circle relative to the sample 

vial. 
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